Objective: The anastomosis of peripheral nerves is a demanding procedure that has potential complications due to foreign body reactions elicited by sutures. In this study, the sutureless in vivo anastomosis of rat tibial nerves was successfully performed, using for the first time a chitosan-based laser-activated adhesive. The nerve thermal damage caused by the laser irradiation was quantitatively assessed. Materials and Methods: A novel adhesive composed of chitosan, indocyanine green, acetic acid, and water, was fabricated in thin sheets. Its adhesive strength was tested in vitro by bonding strips (surface area ϳ20 mm 2 , thickness ϳ20 m) onto rat sciatic nerves and sheep intestine by laser activation with low fluence (ϳ50 J/cm 2 ), using a fiber-coupled diode laser (n ϭ 13). The tensile strength of the adhesive/tissue bonds was measured after tissue repair. The chitosan adhesive was then used to perform sutureless anastomosis of tibial nerves in vivo (n ϭ 6). Adhesive strips were also bonded in vivo onto intact rat sciatic nerves (n ϭ 6) in order to quantitatively assess, by counting myelinated axons, the thermal damage induced by the laser. Results: The adhesive bonded well to tissue with a tensile strength of 12.5 Ϯ 2.6 KPa (mean Ϯ SD; n ϭ 13). The in vivo anastomosed nerves were in continuity 3 d after surgery. Axon counting showed the number and morphology of myelinated axons were normal proximally (ϳ96%) compared with intact nerves (100%). Axon demyelination was observed at the operation site (ϳ49%) and distally (ϳ27%), and was attributed to laser-induced thermal damage. Conclusions: Nerve anastomosis, performed by the laser-adhesive procedure, was successful 3 d postoperatively. Proximal myelinated axons were not significantly damaged by the low laser fluence.
Introduction

T
HE CLINICAL ANASTOMOSIS of peripheral nerves is a technically demanding microsurgical procedure. Its main undesirable complication is foreign-body inflammatory reaction elicited by sutures. The resulting endoneural fibrosis is usually associated with poor nerve regeneration and functionality. 1, 2 A possible alternative to suturing is the use of tissue glues applied externally to the perineurium during the anastomosis. Cyanoacrylate glue has been reported to cause foreign-body inflammatory reaction and retractile fibrosis, which reduced the nerve diameter by up to two-thirds. 3 Fibrin glue is more biocompatible than cyanoacrylate, but its adhesion strength (ϳ8 KPa) is insufficient for successful sutureless anastomosis. [3] [4] [5] Laser-activated albumin solders have been successfully used for tissue repair, and in particular for the sutureless anastomosis of peripheral nerves in vivo. [6] [7] [8] Solid strips of albumin solder were bonded across the anastomotic site of rat tibial nerves, activated with light from a diode laser delivering 90 mW for 160 sec. This technique provided good bond strength (ϳ15 KPa) and allowed axon regeneration that was comparable to the regeneration of sutured nerves, observed at 3 mo postoperatively. 9 Laser-activated soldering is usually easier to perform on nerves than suturing. However, laser thermal damage (65-70°C) has often caused loss of axon myelination and coagulation of the perineurium. 10, 11 Reduction of the activation temperature of solders is required to make such surgical procedures safe and reliable. In promising recent studies, it has been shown that a novel chitosan adhesive bonded well to rat sciatic nerves (ϳ13 KPa) when laser-activated at a fluence of ϳ65 J/cm 2 (laser energy over 1 cm 2 of adhesive), producing local temperatures in the range from 60-65°C. 9, 12 Since this range is 5°C lower than the activation temperature range of albumin solders, chitosan adhesive has potential for effective adhesion with reduced tissue thermal damage. We have previously reported a qualitative histological assessment showing that myelinated axons degenerate at the laser-operated site and distally, despite the decreased activation temperature. 12 In the pilot study reported here, the chitosan adhesive was bonded to rat peripheral nerves in vivo using a still lower fluence (ϳ50 J/cm 2 ). The laser-induced thermal damage was evaluated quantitatively by counting myelinated axons. Although localized thermal damage remains an issue, we report the first successful completion of in vivo anastomosis of tibial nerves using a laser-activated chitosan adhesive.
Materials and Methods
Adhesive preparation
The recently developed chitosan adhesive was prepared as follows. 7, 9 Deacetylated chitosan (ϭ85%) from crab shells (Sigma, St. Louis, MO, USA) was dissolved to a concentration of 1.8 Ϯ 1% w/v in an aqueous solution containing acetic acid (2% v/v) and indocyanine green dye (IG; 0.02% w/v). The resulting solution (pH ϳ4.0) was stirred for 6 h at 4°C before being spread evenly (thickness ϳ2 mm, surface area ϳ12 cm 2 ) over a sterile, dry poly(methyl methacrylate) plate. The solution was then dried for ϳ8 d under clean conditions and atmospheric pressure at 4°C. The resulting adhesive film was carefully detached from the plate without damage and was insoluble in water. The film thickness, as measured with a digital caliper, was typically 20 m, but ranged from 15-30 m. The film was cut into rectangular strips, which were placed between sterile glass slides to keep them flat and stored in the dark at 4°C.
Tensile tests
To assess the potential of the bioadhesive prior to animal studies (in vivo), the strength of adhesion to two tissue types, nerves and intestine, was measured using freshly excised samples. Three sciatic nerves from Wistar rats were harvested under a surgical microscope (Zeiss OPMI 7; Carl Zeiss, Sydney, Australia) at 20ϫ magnification. Each nerve was cut into two parts of equal length using micro-scissors. A chitosan strip (dimensions ϳ5 ϫ 3 mm) was then positioned underneath the severed nerve and the stumps aligned end-to-end with micro-forceps. The chitosan strip fully adhered to the severed nerve by forming a collar, which assisted in the rotation of the nerve during the laser-activated repair (Fig. 1A) . The laser used for activation emits at a wave- The chitosan strips had a thickness of 21 Ϯ 2 m. "Area" is the average adhesive surface area in contact with the intestine during laser repair. "Shear stress" is the maximum load divided by the surface area of the chitosan adhesive.
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length of 808 nm, with a delivery fiber core diameter of 200 m, numerical aperture 0.22, and a beam spot size on the adhesive of approximately 1 mm. The fiberoptic cable was terminated in a hand-held probe to provide easy and precise beam delivery by the surgeon. The adhesive was irradiated in continuous wave with ϳ46 J/cm 2 by moving the beam across its surface at a speed of ϳ1 mm/sec ( Table 1 ). The laser light was mostly absorbed by the IG dye in the adhesive. 9 The bioadhesive strength for nerve tissue was compared with fresh sheep small bowel tissue, which was also used to test the adhesion properties of the chitosan strips. The serosa layer of sheep intestine largely consists of connective tissue, which is rich in collagen and therefore suitable for testing. Intestine sections were bisected by a full-thickness incision with a #10 blade under the surgical microscope. Excess water was absorbed with sterile gauze or cotton tips prior to tissue repair. The incision stumps were approximated endto-end and a chitosan strip (dimensions ϳ6 ϫ 4 mm) was positioned across the incision on the serosa layer with microforceps, ensuring full contact with the intestine (Fig. 1B) . The laser parameters employed are given in Table 1 . The tissue samples were tested 10 min after laser-activated repair with a calibrated tensiometer (Instron Mini 55; Instron, Boston, MA, USA), as previously described. 7 The maximum load at which the adhesive failed was recorded and the shear stress was calculated as the maximum load divided by the adhesive surface area.
In vitro histology and scanning electron microscopy
To confirm that laser irradiation does not cause tissue ablation or charring, histology and scanning electron microscopy (SEM) were performed on the samples after adhesion. Intestine was harvested immediately after sacrificing the sheep and stored in phosphate buffer solution at 4°C for 30 min. Tissue sections (n ϭ 4) were then repaired using the laser-adhesive technique, as described above. Some of the repaired tissue samples were then stored in 10% buffered formalin and fixed for hematoxylin and eosin (H&E) staining. For SEM analysis (n ϭ 4), the specimen was cut with a scalpel into small pieces (ϳ1 ϫ 2 mm) and fixed in Karnovsky's solution (2.5% paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate buffer) after being gently washed in 0.1 M phosphate buffer and dehydrated in alcohol at several dilutions (30%, 50%, and 70% v/v). The specimens were further dehydrated to the critical point and sputter coated with copper before being viewed at 10 KV by the microscope in high-vacuum mode (FEI Quanta 200; FEI, Hillsboro, Oregon, US).
In vivo nerve repair study
Strips of chitosan adhesive were bonded in vivo onto rat sciatic nerves using laser irradiation and the tissue thermal damage was quantitatively assessed. The rat model has been proven in previous studies to be a reliable test case for the safety and efficacy of laser-activated albumin solders, as myelinated axons of peripheral nerves are sensitive to thermal damage. 13, 14 The chitosan strips used in the procedure were previously sterilized with gamma radiation (0.1 KGy/h for 24 h). Twelve adult male Wistar rats, weighing approximately 390 g, were used in this preliminary study. Anesthesia was induced and maintained during surgery with an isoflurane/O 2 mixture (4% during induction, 2% thereafter) using a standard anesthetic machine. The operation was performed using the surgical microscope under sterile conditions. An oblique skin incision about 3 cm long was made in the dorso-lateral part of the right thigh. A muscle-splitting approach through the gluteal muscles was used to expose the sciatic nerve (diameter ϳ1 mm) at the sciatic notch. In six animals, the chitosan adhesive was bonded to the right sciatic nerve by the laser without cutting the nerve (Table 2) . This procedure was chosen in order to assess the thermal damage caused by the laser. In more detail, the adventitia of CHITOSAN ADHESIVE FOR NERVE REPAIR 229 The chitosan strips had a thickness of 21 Ϯ 2 m. "Area" is the average adhesive surface area in contact with the intestine during laser repair. "Shear stress" is the maximum load divided by the surface area of the chitosan adhesive.
It should be noted that the laser-activated adhesive was attached to intact sciatic nerves in order to assess the laser-induced thermal damage. 
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the sciatic nerve was partially dissected off and trimmed with straight micro-scissors before applying the adhesive; excess water was absorbed with sterile gauze or cotton tips. A chitosan strip (dimensions ϳ5 ϫ 4 mm) was then positioned underneath the sciatic nerve using micro-forceps. As in the in vitro procedure described above, the chitosan strip fully adhered to the nerve forming a collar, which assisted with the rotation of the nerve during uniform irradiation in continuous wave over the length of the chitosan strip. The redundant chitosan was trimmed from the collar of all the operated rats before closing the muscles and skin with five 3-0 sutures. The animals were placed postoperatively in individual cages with no restriction of movement for 3 d before being sacrificed. Sciatic nerves were selected on the basis of their size in order to provide an accurate statistical assessment of thermal damage due to the laser procedure. However, these nerves are susceptible to postoperative stress damage that make them unsuitable for analysis of nerve repair, hence the need for postoperative restriction of movement. In contrast, the comparatively smaller tibial nerves are less subject to postoperative stresses and therefore are more suited for analysis of nerve anastomosis. Thus, in six other rats, the anastomosis of tibial nerves was achieved by using the laser-activated adhesive ( Table 2 ). The tibial nerve was cut and the stumps approximated end-to-end with micro-forceps over the chitosan strip. The nerve anastomosis was then completed with the laser technique as described above (Fig. 1) . Rotation of the nerve was obtained by gently moving the chitosan collar, so that the chitosan strip could be irradiated around the nerve. 
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FIG. 3. (A) Longitudinal section of the adhesive (ad) laserbonded to the intestine serosa (S)
.
Thermal damage: Axon counting
Longitudinal sections (n ϭ 6) of the tibial nerve anastomosis were cut for histological assessment 3 d after surgery. Sections of the operated sciatic nerves were also harvested 3 d after surgery at the site where the adhesive was attached to the perineurium, as well as proximally and distally ( Fig.  2A) . Similar sections were harvested from the non-operated left leg of the rats to serve as controls. The animals were thereafter sacrificed by an intracardiac or intraperitoneal injection of 2 mL sodium pentobarbital. In order to count myelinated axons, histological cross-sections were taken from the central part of each sciatic nerve section. Nerves were fixed in 10% buffered formalin and stained with Luxol fast blue (n ϭ 24) and H&E (n ϭ 24) to assess tissue thermal damage through the extent of demyelination of the axons. Blind randomized axon counting was performed on the histological sections using the software Methamorphe 6.2 to count the axons in nine circles superimposed on an image of the nerve cross-section (Fig. 2B) . Twenty-four histological sections were used for the axon counting of the proximal (n ϭ 6), distal (n ϭ 6), operated (n ϭ 6), and control sites (n ϭ 6).
Statistics
Statistical comparison of means was made using the twotailed unpaired Student's t-test, one-way ANOVA, and Bonferroni's multiple comparison post-test (level of significance p Ͻ 0.05). The graphs and histograms were generated using Excel 2000 (Microsoft).
Results
Adhesive testing
The chitosan strips failed at the tissue interface in both repair procedures. The acute shear stress of the adhesive bonded to nerves and intestine serosa was 11.1 Ϯ 1.9 KPa (n ϭ 3) and 13.0 Ϯ 2.7 KPa (n ϭ 10), respectively (Table 1) . There is no statistical difference between these results (p ϭ 0.28; unpaired t-test). Strips that were not irradiated had a significantly lower adhesion to intestine (1.3 Ϯ 0.7 KPa, n ϭ 10, p Ͻ 0.001, unpaired t-test).
In vitro histology and SEM
The laser irradiation caused mild coagulation of the tissue immediately beneath the chitosan adhesive, but no signs of tissue ablation, charring, or vacuoles were observed in the histological sections (Fig. 3A) . SEM images of the intestine serosa confirmed that the tissue was bonded to the chitosan strip with no sign of disruption beneath the adhesive (Fig.  3B) .
In vivo nerve anastomosis and thermal damage
Three days after the operation, the nerve anastomoses (n ϭ 6) were intact and the adhesive held together the nerve stumps. These nerves were in continuity and no gap was visible between the nerve ends (Figs. 4A and 4B ). In Fig. 5 the histology of the sciatic nerves shows that the perineurium in contact with the adhesive was partially coagulated and approximately half of the axons beneath the irradiated adhesive were myelinated compared with the axons of non-operated sciatic nerves (740 Ϯ 309 and 1460 Ϯ 186, respectively, n ϭ 6, p Ͻ 0.001, Bonferroni post-test). The perineurium approximately 0.5 cm distal to the irradiated adhesive appeared normal with no sign of coagulation, and the majority of axons retained their myelin sheath compared with controls (1071 Ϯ 142, n ϭ 6, p Ͻ 0.05, Bonferroni post-test) (Fig. 6A) .
The perineurium approximately 0.5 cm proximal to the irradiated adhesive also appeared healthy and the axons were myelinated and retained their normal morphology compared to controls (1404 Ϯ 191, n ϭ 6, p Ͼ 0.05, Bonferroni post-test) (Fig. 6B) . A histogram of the axon counts is shown in Fig. 7 .
Discussion
The anastomosis of peripheral nerves by suturing requires a high level of microsurgical skill and dexterity. Anastomosis by laser-activated chitosan adhesive is potentially simpler and easier to perform than suturing, and it is thus relevant to test this novel technique in vivo to assess the stability of the nerve anastomosis and the thermal damage related to laser irradiation. In this study, we demonstrated that tibial nerves anastomosed with the laser-activated chitosan technique (tensile strength ϳ13 KPa) were still in continuity 3 d postoperatively. This outcome is consistent with a previous report, in which solid strips of laser-activated albumin solder bonded to tibial nerves with a tensile strength of ϳ15 KPa and successfully repaired them in vivo. 7, 8 The laser-activated chitosan technique induced only localized thermal damage to tissue, as the laser fluence applied to the operated nerves (54 J/cm 2 ) was lower than the fluence used in previous studies (ϳ65 and ϳ124 J/cm 2 ). 2, 4, 13 In vitro histology showed mild tissue coagulation of the serosa beneath the adhesive, but no carbonization or vacuoles. These observations were consistent with the in vivo histological study that demonstrated no disruption of the perineurium beneath the adhesive. Remarkably, the great majority of axons (96%) at the proximal site were myelinated and preserved their normal morphology. Nevertheless, at the site of the adhesive and distally, a significant proportion of the axons had suffered demyelination: under the adhesive (49%) and distal to the adhesive (27%). These results are consistent LAUTO ET AL. 232
FIG. 6. (A)
Cross-section of a laser-operated nerve at the distal site. The majority of axons (ϳ74%) preserved their myelinated sheet (Luxol fast blue, ϫ100). (B) Cross-section of a laser-operated sciatic nerve at the proximal site. The myelinated axons preserved their number (ϳ96%) compared to control nerves (Luxol fast blue, ϫ100).
FIG. 7.
This histogram shows the number of myelinated axons (mean and SD), 3 d after the laser-chitosan application. A significant loss of myelinated axons was observed at the operation site (ϳ49%, n ϭ 6) and distally (ϳ26%, n ϭ 6), while the axons at the proximal site (ϳ96%, n ϭ 6) appeared unaffected by the chitosan-laser treatment when compared to non-operated nerves (controls, 100%, n ϭ 6).
with a previous report that described the thermal damage suffered by rat sciatic nerves, which were first coated with an albumin solder solution and then irradiated by a pulsed CO 2 laser (power ϭ 100 mW, pulse duration ϭ 1 sec, fluence ϳ124 J/cm 2 ). The heat produced by the laser irradiation caused coagulation of the epineurium and subepineurial edema. The heat also induced necrosis and wallerian degeneration of the axons at the irradiation site and distally, while the proximal epineurium and myelinated axons remained healthy. 13 The finding that proximal axons were spared from thermal damage suggests that the laser irradiation had only a localized impact on nerves. The low fluence (ϳ54 J/cm 2 ) used in this study to bond the adhesive to nerves most likely prevented the severe thermal damage suffered by myelinated axons at the irradiated site when higher fluence (ϳ124 J/cm 2 ) was applied, as described above. 13 It is not yet clear why distal axons suffered partial demyelination; we may speculate that the heat generated by the laser damaged the axonal transport system at the irradiated section of the nerve, causing the wallerian degeneration of a fraction of the distal axons. The findings reported here suggest that further reduction in laser fluence is desirable in order to further diminish or avoid thermal nerve damage. It may prove beneficial, for example, to irradiate the chitosan adhesive with pulses rather than in continuous wave to diminish the fluence on nerves. A previous study in mice showed that wallerian degeneration occurs after 2 d proximally and distally in cut or crushed sciatic nerves as far as 2 cm from the site of injury. 15 In contrast, the observed absence of damage proximally to the operation site may suggest that the laser-activated chitosan technique does not aggravate the wallerian degeneration of cut axons, which may regenerate effectively after the nerve anastomosis.
When compared to other surgical glues, the chitosan adhesive has the notable property of being insoluble in physiological fluids, while albumin solders and fibrin glues, for example, are soluble. The chitosan adhesive is well suited for tissue repair because it is flexible and does not fold or break down when manipulated with forceps. The application of the adhesive is also facilitated by its adhesiveness prior to laser activation and its hydrophilic property (contact angle ϳ47°). 2 Chitosan is also widely accepted as a nontoxic and biocompatible polysaccharide; among other applications, it is employed to develop skin grafts, tissue scaffolds, and dietary products. [16] [17] [18] [19] Of utility in tissue repair is its remarkable antimicrobial property, which reduces the potential for infection. 20 The chitosan adhesive is based on a polysaccharide and there are no risks of viral infections as for fibrinogen and albumin solders, which are hemo-derived proteins. The laser-activated chitosan adhesive is a simple and promising sutureless procedure for nerve anastomosis; nevertheless more studies are required to assess the longterm regeneration of axons and to further reduce the topical thermal damage.
Conclusion
The study of sutureless nerve anastomosis is still in its infancy. In this pilot study we report the application of a laseractivated chitosan-based adhesive to perform anastomosis of nerves with minimal thermal damage and postoperative continuity for 3 d. The laser fluence used during the anastomoses was also lower (ϳ46 J/cm 2 ) than the fluence applied in previous studies (ϳ65 J/cm 2 and ϳ124 J/cm 2 ). 2,4,13 Nerve tissue damage was quantified 3 d postoperatively by axon counting; no significant myelin degeneration occurred at the proximal site, but a partial loss of axon myelination was observed beneath the adhesive (49%) and distally (27%). These results demonstrate the possible potential of such sutureless techniques in nerve anastomosis. Current longer-term studies focus on comparing this novel technique with the traditional suturing procedure.
